are preferentially secreted from one side of endothelial cells. 4 Therefore, the biochemistry and cellular processes responsible for endothelial cell polarization are becoming apparent.
Lipoprotein lipase (LPL) is synthesized and secreted primarily by adipocytes and myocytes 5 -7 ; however LPL is widely believed to hydrolyze lipoprotein triglyceride while on the luminal (apical) surface of endothelial cells. 8 Endothelial cell-surface LPL is regulated by the amount of enzyme arriving and leaving this site. Transport of LPL from its site of synthesis to the luminal endothelial surface is incompletely understood. Previous studies from our laboratory have suggested that LPL is transferred from the basolateral to the apical side of endothelial cells via two different pathways, one leading to the apical endothelial surface and another leading to the medium on the apical side of the cells.
LPL interaction with the endothelium may be a polarized function of these cells. This would allow LPL to preferentially bind to its physiogicaUy important site of action, the luminal surface of endothelial cells. Polarized pathways might transport newly synthesized LPL from the subendothelial space to this surface. LPL is commonly believed to bind to endothelial cell-surface heparan sulfate proteoglycans.
811 - 14 A 200-220-kd LPL-binding heparan sulfate proteoglycan was found on the apical endothelial cell surface. 15 This protein and larger-molecular-weight -presumably basement membrane-LPL-binding proteoglycans are present on the basolateral side of the cells. Whether differences in LPL-binding proteins reflect cellular differences in LPL metabolism is unclear.
In this report we used a combined morphological and biochemical approach to study LPL interaction with monolayers of bovine aortic endothelial cells (BAECs). Our data demonstrate that although LPL movement across the cells is bidirectional, endothelial cells are polarized such that more LPL is bound to and internalized at the apical cell surface.
Methods

Materials
Na 12ii l was obtained from Amersham, Arlington Heights, 111., and Texas Red (TR) was from Molecular Probes, Eugene, Ore. Polycarbonate filters were obtained from Nucell, Pleasanton, Calif., or Costar, Cambridge, Mass. Six-well, 35-mm, tissue-culture plates were from Falcon, Oxnard, Calif. Bovine serum albumin (BSA) and fibronectin were from Sigma Chemical Co., St. Louis, Mo. Heparin was from Elkins-Sinn, Cherry Hill, N.J. Cell-culture medium was purchased from Hyclone, Logan, Utah. Prepacked PD-10 Sepharose columns were obtained from Pharmacia, Piscataway, NJ. Heparin-agarose was from Bio-Rad, Richmond, Calif. Zynaxis cell stain was obtained from Cell Science, Malvern, Pa. All other chemicals and solvents were of reagent grade.
Purification and Labeling of LPL
LPL was purified from fresh unpasteurized milk, 16 protein concentration was determined by the method of Lowry et al, 17 and LPL was stored at -70°C. LPL was radiolabeled with 123 I by the glucose oxidase method as described previously. 16 Labeled LPL had a specific radioactivity of 500-1,250 cpm per nanogram of protein.
To remove any degradation products and salt, before each experiment 125 I-LPL or native LPL was gel filtered over a PD-10 column in Dulbecco's modified Eagle's medium (DMEM) containing 3% BSA.
LPL was labeled with TR by a modification of the method of Titus et al. 18 Purified LPL was precipitated by dialysis against 3.6 M (NH 4 ) 2 SO 2 and redissolved in 0.2 M Na 2 CO 3 buffer (pH 9, label buffer) containing 10% grycerol. TR was added to this solution in a ratio of 100 fig dye per milligram protein and incubated for 1.5 hours at 4°C. The solution was centrifuged at 10,000g for 30 minutes, and the supernatant was chromatographed on a column containing 8 ml heparin-agarose. The gel was washed with 0.4 M NaCl and 10 mM tris(hydroxymethyl)aminomethane (Tris, pH 7.4 buffer) and then 0.75 M NaCl and 10 mM Tris (pH 7.4 buffer). TR-LPL was eluted with the same buffer containing 1.5 M NaCl. TR-LPL was stored in aliquots at -70°C.
Enzymatic activities of purified LPL,
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I-LPL, and TR-LPL were checked by using the method of NilssonEhle and Schotz. 19 After reisolation of the labeled LPL preparations on heparin-agarose, no decrease in enzymatic activity was found compared with the original LPL preparation. For some experiments, LPL was enzymatically inactivated by incubation for 30 minutes at 59°C.
Cultures of Bovine Aortic Endothelial Cells
Primary cultures of BAECs were established and subcultured as described previously. 20 Cells were grown in DMEM containing 10% calf serum, 100 units/ml penicillin, 100 /ig/ml streptomycin, and 1% glutamine.
Polarized BAEC monolayers were grown on gelatinand fibronectin-coated polycarbonate filters. By growing cells in this manner, separate access is afforded to both sides of the monolayers. The medium in the upper chambers is in contact with the apical surface; the medium in the lower chambers is in contact with the basolateral cell surfaces. Approximately 0.7xl0 6 cells were seeded onto 24-mm filters, and 3-5 x 10* cells were seeded onto 10-mm filters. Experiments were conducted 5-6 days after seeding the cells. To reduce binding of serum proteins to cell-surface proteoglycans, the cells were left overnight in serum-free medium before every experiment. The barrier function of the endothelial cell monolayer was examined as described previously by using albumin 9 and low density lipoprotein (LDL). 21 The transport rate of albumin from the basal to the apical side was <1.5% per hour. LDL transport across coated filters in the absence of cells was 3.5 times greater than in the presence of cells. 9 In addition, the integrity of the monolayers was morphologically checked by fluorescence microscopy after staining the cells with Zynaxis, and a confluent monolayer was observed.
Transport of m I-LPL Across Monolayers
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I-LPL movement across the monolayers was studied after adding the LPL to DMEM/3% BSA on either the apical or basolateral medium.
I-LPL that appeared in the chamber on the opposite side was monitored during the incubation at 37°C. To do this, 100 fjl medium (after carefully mixing the medium) was taken from the opposite side of the cells, and 100 /xl medium was re-added.
Association of LPL With the Basolateral and Apical Endothelial Cell Surfaces and Extracellular Matrix
LPL binding to the cells was assessed by allowing 125 I-LPL in DMEM/3% BSA to bind to the monolayers for 2 hours at 4°C. After the cells were washed, the LPL bound to heparan sulfate proteoglycans on the cell surfaces was released with 100 units heparin per milliliter in DMEM/0.3% BSA for 30 minutes at 4°C.
LPL on the basolateral side of endothelial cell monolayers was assessed in several ways: 1) LPL was included in the lower chamber medium, and the LPL associated with the basolateral side was released by incubation with 100 units heparin per milliliter in DMEM/0.3% BSA in the lower chamber. This procedure releases LPL associated with both the basolateral endothelial cell surface and the subendothelial cell matrix. 2) To specifically assess LPL on the basolateral cell surface, after release of apical surface-bound LPL with heparincontaining medium, the cells were released from the filters. To do this, 0.025% trypsin was added to the upper-chamber medium on the apical side of the cells, and the monolayers were incubated for 25 minutes at 4°C. Soybean trypsin inhibitor was included in the medium on the basolateral side. Subsequently, the cells were scraped free, and soybean trypsin inhibitor and aprotinin were immediately added to the medium. The viability of the released cells was greater than 95%, as determined with trypan blue (in contrast, just scraping off the BAECs resulted in very poor viability'). After centrifugation at 2,500g for 5 minutes, the '"I-LPL bound to the basolateral surface was released by an additional incubation with 100 units heparin per milliliter in DMEM/0.3% BSA at 4°C. 3) LPL binding to the subendothelial cell matrix was assessed in separate experiments. Cells were grown to confluence in six-well tissue-culture plates. After reaching confluence, the cells were removed by rinsing the plates twice with Hanks' balanced salt solution at 37°C. Most of the cells were removed by this procedure. The remaining cells were removed from the dishes with 0.5% Triton X-100 in 20 mM NH4OH in Hanks' balanced salt solution.
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LPL binding to the exposed matrix was then assessed.
Cellular Uptake of Basolateral and Apical LPL
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I-LPL in DMEM/3% BSA was incubated with the BAEC monolayers at 37°C for the indicated time periods. After each incubation, the cells were put on ice and all further steps were performed in ice-cold DMEM/ 0.3% BSA. The cell surface-associated LPL was removed by incubating the apical side and, when indicated, also the basolateral side of the monolayers with 100 units heparin per milliliter. The cells were released from the filter as described above (procedure 2) and pelleted for 5 minutes at 10,000 rpm in a model 5415C centrifuge (Eppendorf, Hamburg, FRG), and intracellular 125 I-LPL was determined.
Fluorescence and Confocal Microscopy
To assess binding, internalization, and heparin sensitivity of TR-LPL, BAECs were grown to confluence on glass coverslips. TR-LPL was added to control medium or medium containing 100 units heparin per milliliter, and the cells were incubated for 2 hours at 37°C. In some experiments cells were briefly treated (2 minutes at 4°C) with heparin-containing buffer to remove any surface-associated TR-LPL. After the incubation the cells were briefly rinsed with DMEM/0.3% BSA and fixed with 4% paraformaJdehyde in phosphate-buffered saline for 30 minutes.
To visualize binding and internalization of LPL, TR-LPL (12-24 jig/ml) was included in the medium on the apical or basolateral side of the BAECs grown on filters, and the cells were incubated for up to 2 hours at 4°C or 37°C. At the indicated time the monolayers were rinsed and fixed as described before. Binding to the basolateral surface was also assessed by inverting the cells by using plastic coverslips as described by Muller and Gimbrone. 2 To visualize the cells on the filters, the fixed cells were rinsed with phosphate-buffered saline and stained with 
LPL binding to the matrix (A) was assessed after removing the cells. Each data point represents the mean±SD of triplicate determinations. Error bars for data for the basolateral surface fall within the open circles. Values are expressed as total amount of m I-LPL bound per 35-mm dish or 24-mm filter.
Zynaxis general cell stain. The Zynaxis diluent was added to both sides of the monolayers, and Zynaxis stain (4xlO~4 M) was added immediately afterward. The cells were then incubated at room temperature for 30 minutes. The staining reaction was stopped by adding DMEM containing 10% bovine serum. Subsequently, the cells were rinsed with DMEM/0.3% BSA and phosphate-buffered saline and mounted.
All fluorescence images were obtained by using a Zeiss Axiovert Microscope attached to a Bio-Rad MRC 600 confocal scanhead equipped with an argon laser (Ion Laser Technology model 5425). A dual-emission filter set was used with excitation at 514 nm. Zynaxis fluorescence was observed with a 540-nm band-pass filter, and TR-LPL was observed with a 600-nm longpass filter. Z-Axis series (l-/xm stepsize) were taken, and the individual images were processed with a Vicom IP-9432 image processor, Vicom, Fremont, Calif. Photographs were taken from the monitor (Tektronix SGS625) with Kodachrome 64 diapositive film.
Results
I-LPL Binding to Bovine Aortic Endothelial Cell Surfaces and Extracellular Matrix
To assess LPL binding to the apical and basolateral BAEC surfaces and the subendothelial cell matrix, l25 I-LPL binding was studied at 4°C. The amounts of LPL bound and released by heparin from both cell surfaces and the matrix are shown in Figure 1 . Increas-ing concentrations of LPL led to saturable LPL binding to the apical BAEC surface. With 2 jig/ml LPL, 108 ng LPL bound to cells in a 35-mm dish; when 10 /ig/ml LPL was in the medium, 372 ng was bound. LPL binding appeared to saturate at LPL concentrations greater than 10 /xgAnl. When the LPL concentration was increased fourfold, from 10 to 40 ng/m\, the amount of bound LPL increased less than twofold, to 501 ng per dish. In the presence of a 20-fold excess of unlabeled LPL, LPL binding decreased 56-65% in the concentration range tested.
When LPL was added to the medium on the basolateral side of BAEC monolayers, LPL bound to the basolateral side of the cells and the subendothelial matrix. Basolateral cell-surface LPL was assessed after removing the cells from the 24-mm filters. As shown in Figure 1 , compared with the apical surface, very little LPL bound to the basolateral side of the cells. In the concentration range used, we could not determine whether the low amount of binding was saturable. At 10 Hg/ml LPL, 2.0 ±0.2 ng bound to the basolateral surface (mean±SD); with 40 jig/ml, bound LPL increased to 6.3±4.3 ng (not statistically different). Unlabeled LPL (a 20 -fold excess) did not decrease binding of 123 I-LPL. Therefore, specific and saturable LPL binding to the basolateral surface was not apparent.
Additional methods were used to try to assess LPL binding to the basolateral surface. Using the method of Muller and Gimbrone 2 to invert endothelial cell monolayers, we were unable to obtain large areas of intact inverted monolayers to perform biochemical binding and internalization studies. However, the inverted monolayer was used for morphological studies with TR-LPL as described below.
LPL binding solely to subendothelial matrix was also assessed. Much more LPL bound to the exposed matrix in 35-mm dishes than to the basolateral cell surface ( Figure  1 ). With increasing concentrations of LPL, there was a linear increase in matrix-bound LPL. Ten micrograms per milliliter of LPL led to 78 ng LPL bound to the matrix. Over this concentration range binding was not saturable and not competed for by excess unlabeled LPL. This amount bound to the matrix was less than a quarter of the amount of LPL that bound to the apical surface at the same LPL concentration. Therefore, on the basolateral side of the cells, LPL preferentially bound to the matrix and not to the basolateral cell surface, but the total amount of bound LPL was less than that on the apical surface under these conditions. It should be noted that the amount of matrix deposited by the cells is dependent on the time in culture, medium conditions, and the batch and number of passages of the cells. Therefore, the ratio of LPL bound to the matrix in comparison with the apical surface may be highly variable.
Heparin-Mediated Release of LPL Bound to the Apical and Basolateral Sides of Bovine Aortic Endothelial Cells
The sensitivity of LPL interaction with the apical endothelial surface and the subcellular matrix was assessed by determining the amount of heparin required to release LPL from either side of the monolayers. /ml ) was allowed to associate with the cell surfaces during a 2-hour incubation at 4°C. Bound LPL was then released by adding fresh medium containing 100" Apical.
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Heparin (Units/ml) increasing concentrations of heparin and incubating the cells for 30 minutes at 4°C. Compared with LPL on the basolateral side of the cells, a greater fraction of apicalsurface LPL was released at lower heparin concentrations ( Figure 2 ). It should be noted that most of the LPL associated with the basolateral side of the cells was predominantly bound to the matrix. When the cells were incubated with 0.01 units heparin per milliliter, 46.3% of the LPL was released from the apical surface, whereas only 23.9% was released from the basolateral surface. Thus, apical-surface LPL was more easily released with heparin.
Bidirectional Movement of m I-LPL Across the Bovine Aortic Endothelial Cell Monolayers
To determine the time course of LPL transport across endothelial cells from the basal to the apical side and vice versa, 125 I-LPL (4 /tg/ml) was added to the medium in the upper or lower chambers. The appearance of LPL in the opposite chamber during a 1-hour incubation at 37°C is shown in Figure 3 . LPL movement in both directions (apical to basal and basal to apical) was similar. At the end of the incubation period, there was a 333-fold gradient in LPL concentration, so that the LPL concentrations in the two chambers remained far from equilibration.
We next assessed whether heparin addition, which decreases LPL binding to BAEC surfaces, altered LPL movement across the monolayer. One or 100 units heparin per milliliter was included in the medium along with 4 jig/ml LPL. Addition of heparin did not decrease the amount of LPL, which crossed the monolayer in 
l-LPL (4 fig/ml) was added to the medium of the upper chamber (panel A) or lower chamber (panel B) of endothelial cell monolayers on 24-mm polycarbonate filters. Total amount of I23 I-LPL transported to the medium on the opposite side of the filter was determined at the indicated time points. Each data point represents the mean±SEM of triplicate determinations.
either direction (data not shown). This suggests that LPL binding to cell-surface heparan sulfate proteoglycans was not involved in LPL transport to the medium in the opposite chamber.
Movement of Heat-Inactivated LPL Across the Monolayers
LPL movement across the monolayer might require enzymatically active LPL, which has the appropriate three-dimensional configuration. To test whether inactive LPL crosses the monolayers at a different rate than does native LPL, LPL was heat inactivated. Sodium dodoeyl sulfate-polyacrylamide gel electrophoresis in combination with autoradiography showed that the heat-inactivated LPL was the same size as native LPL and did not contain an increased number of LPL breakdown products (not shown). Compared with native LPL, more inactivated LPL crossed the monolayers in each direction (Figure 4) . After 1 hour, 78% more inactivated LPL moved from the apical to the basolateral side of the monolayers; 99% more inactivated LPL moved from the basolateral to the apical side of the cells. It should be noted that inactivation of LPL also led to lower-affinity LPL binding to heparin affinity gels. 23 Therefore, enzymatically inactive, perhaps monomeric, 9 -23 LPL crossed BAEC monolayers at a greater rate.
Cellular Distribution of LPL Originating From Apical and Basolateral Media
To assess whether the amounts of cell-surface and intracellular LPL were different if LPL was included in the apical or basolateral medium, 125 I-LPL (4 ^g/ml) was added to the medium on either side of the monolayers. After a 1-hour incubation at 37°C, LPL content on each side of the cells and within the cells was determined. The amount of LPL on the basolateral surface was determined after the cells were lifted from the filters. Heparin-releasable LPL associated with the subendothelial cell matrix was also determined after removal of the cells. The distribution of radioiodinated LPL is shown in Figure 5 . When LPL was included in the basolateral medium, 16±1.6 ng (mean±SEM) of LPL was associated with the cells. If we compare the amount of LPL as a percentage of the total associated, 16% (2.5 ng) was bound to the bottom surface and 37% (6 ng) was intracellular. Forty-seven percent (7.5 ng) of the LPL was associated with the apical surface. Addition of 125 I-LPL to the apical-side medium led to much more LPL (90.4±4.8 ng) (mean±SEM) associated with the cells. Recalculated as a percentage of the total cell associated, 47% (42.3 ng) was associated with the top surface, 36% (32.8 ng) was found intracellularly, and 17% (15.3 ng) was on the basolateral side. When LPL was added from the apical side, 4.3 ±0.9 ng of 125 I-LPL was associated with the subendothelial matrix; 25±5 ng LPL was on the matrix when LPL was included in the medium on the basolateral side of the cells. Although the binding of LPL to the matrix was somewhat variable, the distribution of the cell-associated label between experiments was comparable. Independent of whether '"I-LPL was included in the upper-or lowerchamber medium, more 125 I-LPL accumulated on the apical cell surface. In addition, inclusion of LPL in the medium on the apical surface led to a much greater amount of intracellular LPL.
Cell Surface and Intracellular Distribution of Inactive LPL
We also assessed whether heat-inactivated LPL was associated with cell surfaces in the same manner as native LPL ( Figure 5 ). Compared with control experiments with native LPL, heat inactivation reduced the amount of total cell-associated I25 I-LPL from a total of 90.4 to 18.2 ng when added from the apical side; this is a decrease of 80%. When added from the basolateral side, a 74% decrease, from 16 to 4.2 ng, was observed. The amount of heat-inactivated LPL bound to either surface was reduced. The amount that moved from the upper chamber to the basolateral surface was reduced by 91% (from 15.3 to 1.4 ng), and the amount of LPL originating from the lower chamber bound to the apical surface was reduced by 83% (from 7.5 to 1.3 ng). Internalization of heat-inactivated ^I-LPL was also reduced by 66% (from 6 to 2.1 ng) if heat-inactivated LPL was included in the lower chamber and by 72% (from 32.8 to 9.3 ng) if heat-inactivated LPL was in the upper chamber. Therefore, decreases in cellular uptake of LPL paralleled the changes in surface binding.
Effect of Excess Unlabeled LPL on Internalization of 12S I-LPL
Internalization of radiolabeled LPL was studied in the presence of excess unlabeled LPL. Internalization was reduced by 65% if both unlabeled and labeled LPLs were added to the upper chamber, from 33.6±8 to 11.7±2.9 ng (mean±SEM). The amount of internalized LPL decreased by 45% when unlabeled LPL was added to the bottom chamber, from 3.1 to 1.7 ng.
Because LPL was internalized to a much greater extent on the apical side of the cells, 125 I-LPL in the lower chamber could cross to the opposite side of the monolayers and then be taken up by the cells. To estimate the amount of I25 I-LPL internalized after first crossing the monolayers, labeled LPL was added to the lower chamber, and excess unlabeled LPL was included in the upper chamber. This reduced the amount of intracelluiar LPL by only 30%. These data suggest that 125 I-LPL in the lower chamber was primarily internalized via the basolateral surface.
Internalization of Texas-Red-Labeled LPL by Bovine Aortic Endothelial Cells
To test whether TR-LPL was internalized by the cells and whether this was affected by heparin, BAECs were cultured on glass coverslips and incubated with TR-LPL. In these photomicrographs, the TR-LPL appears as bright red dots, and the cell stain is a hazy diffuse green fluorescence. Figure 6A shows an optical section through the middle of these cells. TR-LPL was found inside the cells, presumably in (endosomal) vesicles and along the cell borders. When cells were washed with heparin, most of the TR label was still inside the cells ( Figure 6B ). Inclusion of heparin in the incubation medium along with the TR-LPL dramatically reduced the amount of intracelluiar fluorescence ( Figure 6C) . Thus, the intracelluiar accumulation of LPL was via a heparin-sensitive mechanism.
Incubations With Texas-Red-Labeled LPL Included in the Lower-Chamber Medium
Surface and intracellular fluorescences were assessed after inclusion of TR-LPL in the lower chamber. BAECs are very flat cells, and their height is not uniform. Because the apical-basolateral height is greater at the nucleus than at the periphery of the cell, there appear to be spaces between cells when confocal images are obtained in a single plane. However, by overstaining the cells with the general cell stain Zynaxis and by focusing up and down, we confirmed that the cells, like those shown in Figures 7 and 8 , formed a confluent monolayer. Figure 7 shows a series of three optical sections through the same BAEC monolayer that was incubated for 2 hours with TR-LPL in the bottom chamber. On the basolateral side of the cells within 2 pm from the filter support, fluorescence is seen between the cells and within some cells ( Figure 7C ). In the middle optical section more intracellular fluorescence was found ( Figure 7B ). The intracellular location of the fluorescence was confirmed by focusing above and below the plane of the section to verify that the cellular stain was present. TR-LPL was also observed along the membrane. This LPL may be in an extracellular location. In some cells, TR-LPL was seen as foci spread across the apical surface ( Figure 7A and inset) . This may be LPL that crossed the monolayer.
Cellular LPL binding and internalization were studied by using monolayers that were mechanically inverted. This exposed the basolateral surface directly to the incubation medium. Even with this method, little TR-LPL fluorescence was directly associated with the basolateral cell surface (not shown). Some fluorescence was, however, found on the cell surface in a "lattice"-like pattern. This may represent TR-LPL binding to the residual matrix associated with the basolateral surface. 2 Figure 8 shows a series of three optical sections through the BAEC monolayers after an incubation with TR-LPL in the upper-chamber medium. A large amount of fluorescence was on the apical surface (Figure 8A) . In addition, fluorescent clumps were observed, which might be aggregates of TR-LPL that did not seem to participate in uptake or transport. Furthermore, TR-LPL was found in the middle section of the cells. Much more intracellular fluorescence was found when the TR-LPL was included in the upper chamber (compare Figures 7B and 8B ). Very little fluorescence was seen at the basolateral side of the cells (within 2 ^m of the filter support; Figure 8C ). Therefore, both the morphological and biochemical studies show that more LPL binds to and is internalized from the apical cell surface.
Incubations With Texas-Red-Labeled LPL Included in the Upper-Chamber Medium
Discussion
Our studies demonstrate that BAECs are polarized for binding of LPL. Compared with the basolateral surface of the cells, more LPL bound to the apical surface. This was shown in morphological studies by TR-LPL and biochemical studies with 125 I-LPL. When LPL was present in the upper chamber, the binding to the apical side resulted from direct binding to the surface. When TR-LPL was included in the bottom chamber, the apical-surface LPL represented protein that had been transported across the monolayer. If 125 I-LPL or TR-LPL was included in either the upper or lower chamber, little LPL was found to be associated with the basolateral BAEC surface. This was not because the polycarbonate filter blocked access to the basolateral surface. Supporting this conclusion were the findings that LPL crossed the filter, was found in the upper-chamber medium, and was associated with the subendothelial cell matrix.
Compared with LPL on the basolateral side of the cells, LPL on the apical surface was released at lower concentrations of heparin. LPL binding to the apical BAEC surface also has lower affinity than its binding to adipocytes. 24 The increased heparin sensitivity of the apical endothelial surface has a number of physiological implications. Regulation of LPL activity in vivo requires both synthetic and catabolic processes. Little or no LPL is degraded by endothelial cells 10 ; therefore, LPL must be catabolized at other sites. For this to happen, LPL must first be dissociated from the luminal endothelial cell surface. LPL release from the endothelial surface must occur via a process that is not disruptive to the endothelial cell barrier. For this reason, the apical endothelial surface may have more easily dissociable, more heparin sensitive LPL binding. Once in the circulation, LPL may be transported to its catabolic site in the liver. 25 -26 Cellular uptake of LPL paralleled its binding to the cells; much more LPL was internalized when LPL was included in the medium on the apical side of the cells. Intracellular LPL could be either in the process of transcytosis or in a recycling pathway. Using confocal microscopy, we determined that when TR-LPL was included in the upper chamber, the fluorescence was primarily in the apical one third of the cells. This is where most of the apical recycling vesicles are found. 27 We hypothesize that the LPL internalized by the apical surface is in a recycling compartment, from which LPL returns back to the cell surface during hydrolysis of triglyceride-rich lipoproteins.
It is unclear whether data from our biochemical or morphological studies represent LPL during transcytosis. Some other molecules cross endothelial cells within minutes. 28 " 30 If transcellular transport of LPL is extremely rapid, it would be very difficult to visualize and would require more sensitive methods. We believe that our studies primarily illustrate the interactions of LPL with endothelial cells under steady-state conditions. The data shown are after incubations of 1-2 hours; at earlier times we were unable to visualize TR-LPL accumulation on the apical surface and inside the cells. In contrast to transcytosis, on average approximately 1 hour was required for intracellular LPL to recycle back to the endothelial cell surface. 10 Therefore, it is most likely that the intracellular fluorescence was due to TR-LPL, which collected in recycling endosomes.
In contrast to the endothelial cell polarity for cellsurface binding and internalization, LPL crossed the monolayers at a similar rate in each direction. Heatinactivated LPL crossed at a greater rate. LPL movement was not decreased by addition of heparin. This suggested that the LPL movement did not require binding of LPL to heparan sulfate proteoglycans on the cell surface. Other molecules, like albumin, 31 -32 are transported bidirectionally across endothelial cells. Some of this movement may involve specific pathways. But bulk-phase transport systems are also very active in endothelial cells. 33 We suspect that some LPL movement across the monolayers occurs via such nonspecific mechanisms. In addition, transport of enzymatically active LPL, which binds strongly to heparin, could be retarded by interaction with the matrix.
The nature of the vesicles involved in the uptake and recycling of LPL from the apical surface is not clear. LPL uptake by endothelial cells is not followed by intracellular degradation. 10 This could be mediated via recycling receptors in clathrin-coated pits. In addition to the classical endocytic vesicles, BAECs have other vesicles that internalize or transport molecules via nonclathrin-mediated pathways. 33 - 34 Several molecules are apparently endocytosed and recycled but not degraded by receptors in caveola. 34 -38 Caveola are plasmalemmal vesicles that are very abundant in endothelial cells 39 and rich in cholesterol. 38 Most of the apical surface-associated LPL is in clusters. If LPL is concentrated in caveola, LPL hydrolysis of lipoproteins could lead to microdomains containing relatively high concentrations of lipolysis products, which in turn release LPL from the cells. 40 We did find that LPL in the basolateral medium accumulated on the apical cell surface. At least three mechanisms may mediate LPL movement across the cells: 1) LPL could move across the endothelium via specific receptor-mediated transport systems. Complete understanding of this pathway, if it does occur, will require further characterization and study of the LPL binding proteins as well as more sensitive methods to 
